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1. Introduction 
The human race has evolved through centuries and civilized through many ways on their 
home planet Earth. Although travelling through the ‘ages’ – ‘man’ had learned the use of 
fire, utilized the nature and natural resources, gathered knowledge, practiced agriculture, 
developed industries, and gradually moved towards a superior modernized life. While 
climbing the steps of this ‘modernized civilization’, ‘man’ introduced a new term – 
‘pollution’ to the world’s vocabulary. By definition, pollution is the “undesirable state of the 
natural environment being contaminated with harmful substances as a consequence of 
human activities” (source - http://wordnet.princeton.edu). But, at present, this ‘undesirable 
state of natural environment’ has turned into a major concern for the survival of life on 
Earth. Air, water, and soil – the three major natural resources, and fundamental backbone of 
Earth’s environment, have been found to be heavily ‘contaminated with harmful substances’ 
throughout the world.  This does not imply all is contaminated and lost, but just to highlight 
how precarious the situation is for us humans. 
Though, there is no historical account on the pollution on Earth, it was found while 
reviewing the available literatures that the incident of ‘air pollution’ is not a new event to 
our society. In an article, published in ‘Science’, John D. Spengler and Ken Saxton 
commented that – “….soot found on ceilings of prehistoric caves provides ample evidence 
of the high levels of pollution that was associated with inadequate ventilation of open 
fires….” (Spengler and Sexton, 1983). During the past couple of decades, rapid urbanization, 
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unplanned industrialization, fast growth in vehicle use, uncontrolled fossil fuel burning, 
and injudicious management of natural resources have transformed this indoor problem of 
‘prehistoric’ origin into a serious environmental hazard of the present century. The ‘clean 
air’ of today (and tomorrow) is no more as like was a few decades ago. Looking back, this 
may have been unavoidable as the human race grew and progressed, paying a price for 
modernization. In a report on the health effects of air pollution, the World Health 
Organization (WHO) stated that about two million people die every year because of air 
pollution throughout the world, while many more suffer from breathing ailments, heart 
diseases, lung infections, and even cancer (WHO, 2008).  
In general, air pollutants can be largely divided in two major categories depending on their 
formation. The first category is of the primary pollutants, which are emitted directly into the 
atmosphere, and are mostly present at higher concentrations in urban areas and close to 
large point emission sources, like carbon dioxide (CO2). The second category is of the 
secondary pollutants, which are created by the reactions of primary pollutants under 
favorable environmental conditions, like tropospheric ozone (O3) formed due to a series of 
photochemical reactions involving nitrogen oxides (NOx) and volatile organic compounds 
(VOCs) under bright sunlight. However, over past decades, it has been quite clearly 
understood that both these above mentioned air pollutants are also two major components 
of much discussed ‘global warming’, and hence ‘global climate change’ phenomenon. 
Tropospheric O3, along with methane and black carbon, are key contributors to global 
warming, augmenting the radiative forcing of CO2 by 65% (Penner et al., 2010). Global agri-
production, hence food security, is under severe crisis due to the direct and indirect effects 
of both the pollutants. Studies have shown that O3 and CO2 generally enter plants through 
stomata, and subsequently affect the inter- and intra-cellular system by modifying the gene 
expression behavior (Fiscus et al., 2005; Bokhari et al., 2007; Cho et al., 2008; Sarkar et al., 
2010). High throughput ‘-omics’ is a combination of potential and central techniques, which 
can answer many key biological questions in both plants as well as animals. In the present 
chapter, we mainly focused our ideas towards describing the in depth and up-to-date 
‘transcriptomics’ analyses of major agricultural crops under the influence of O3 and CO2 rise. 
We hope that the overall coordinated picture of O3 and CO2 – responsive crop transcriptome 
might help to construct a future roadmap towards the development of next generation crops 
with optimized yield and other functions for future high-O3 and CO2-world. 
1.1 Defining ‘global climate change’: Is it really changing? 
According to the IPCC report, climate change refers to a statistically significant variation in 
either the mean/stable state of the climate and in its components/variability, persisting for 
an extended period (typically decades or longer). It might happen due to the natural internal 
processes of atmospheric components and/or external forcing and/or to persistent 
anthropogenic changes in the composition of the atmosphere and/or in the use and 
management of natural resources (source: http://www.ipcc.ch/ipccreports/tar/ 
wg1/518.htm). In 2007, IPCC for the first time reported to the United Nations (UN) that the 
earth’s climate system has undoubtedly and significantly got warmer in the past years and 
will continue to be. According to the action groups of IPCC, the average annual temperature 
in the Pacific Northwest rose by 1.5° F in the 20th century and is expected to rise 0.5° F per 
decade in the first half of the 21st century. Now, this climate warming, hence climate change 
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at global level, has become an important issue and a hot debatable topic throughout the 
world, in both the developed and developing countries. Initially, it was only an ‘issue’ to be 
considered, then as a major ‘scientific issue’ to be studied, and after that as an principle 
‘environmental policy issue’ to be endlessly debated. But in the past few years, it has been 
metamorphosed into a significant risk factor to be addressed by the global community, 
especially for those in the energy sector (Sioshansi and Oren, 2007). Although there are 
thousands of events that can be directly or indirectly correlated to the global warming and 
climate change, the prime incidents are as follows -  
a. Retreating mountain glaciers on all continents  
b. Thinning ice caps in the Arctic and Antarctic  
c. Rising sea level – about 6-7 inches in the 20th century  
d. More frequent heavy precipitation events (rainstorms, floods or snowstorms) in many 
areas, which affects the survival of both animal and plant life  
e. More intense and longer droughts over wider areas, especially in the tropics and 
subtropics 
f. Reduction in the yield production of major agricultural crops around the world, hence 
affecting food security and safety 
1.2 Past and present trends in the concentrations of ambient O3 and CO2: Where we 
stop? 
Interestingly, both the above mentioned gases are present in the earth’s atmosphere from 
ancient periods. However, according to the IPCC (2007) report, mean daily O3-concentration 
is estimated to have increased from around 10 ppb, prior to the industrial revolution, to a 
current level of approximately 60 ppb during the summer months. Projections show that the 
level will rise 20 to 40% more by the year 2050 in the industrializing countries of the 
Northern hemisphere. As per the reports and projections, it is quite apparent that this 
secondary air pollutant will be a far more critical crisis in the coming future than the present 
time. On the other hand, CO2 also increased in the atmosphere primarily since the industrial 
revolution, through the burning of fossil fuels in energy industries, transportation, 
households, and others. Both these O3 and CO2 are the principle greenhouse gases (GHGs) 
too. In the following sections, we will mainly discuss on the global trends in temporal and 
spatial distributions of both these pollutants. 
1.2.1 Tropospheric O3 trend 
In the ambient air, O3 precursors play an important role during long range transport 
downwind from the sources. Polluted air masses from urban and industrial areas can affect 
suburban and rural areas, even reaching to remote rural areas traveling for considerable 
distances. High O3 levels from one particular urban area can extend as far as 48 to 80 km 
(Krupa and Manning, 1988). Ozone formation also depends largely upon prevailing 
meteorological conditions of the area. Tiwari et al. (2008) reported positive correlation 
between mean maximum temperature/sunlight with O3 concentration. 
Background O3 concentrations have more than doubled in the last century (Meehl et al., 
2007). There is an increase in annual mean values of O3 ranging from 0.1 to 1 ppb per year-1 
(Coyle et al., 2003). In the Northern hemisphere, O3 is also influenced by the influx from the 
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stratosphere (Grewe, 2007). However, O3 varies strongly with episodic peak concentrations 
during the warmest months in summer in the most polluted regions and maximum 
concentrations during spring prevailing at background sites (Vingarzan, 2004). In regions 
such as East Asia exposed to the summer monsoon which transports oceanic air with less 
O3, the seasonal patterns show a peak during pre- and post-monsoon periods (He et al., 
2008). During the day, O3 concentration pattern depends on elevation and shows strong 
diurnal variations at lowland sites where its destruction dominates during the night and 
vertical mixing together with photochemical activity causes highest levels in the afternoon.  
In rural agricultural areas of the USA, mean O3 concentrations reach between 50 and 60 ppb 
(90th percentile) (USEPA, 2006). Concentrations over the mid and high-latitude of the 
Eurasian and North American continents were 15 - 25 ppb in 1860, but increased to 40 - 50 
ppb even in remote areas and from 10 - 15 ppb to 20 - 30 ppb over the mid- and high-
latitude Pacific Ocean, respectively (Lelieveld and Dentener, 2000). Measures taken to 
reduce O3 precursor emissions, led to changes in O3 levels in many rural and urban areas of 
Europe, North America, and Japan; the frequency of the highest values shows a declining 
trend, while lowest values are increasing (Jenkin, 2008). The US EPA has reported that 
emission reduction in O3 precursors has been substantial over the past 29 years (US EPA, 
2009). The percent change in emissions of NOx and VOCs were 40 and 47%, respectively, for 
the period 1980 - 2008. 
In India, despite of the favorable climatic conditions for O3 formation, very limited data 
from systematic monitoring of O3 are available. O3 concentrations are continuously 
increasing from 1992 to 2008 with higher peaks in rural areas. In a field transect study at 
urban sites of Varanasi, O3 concentrations varied from 6 to 10.2 ppb during 1989-1991 
(Pandey and Agrawal, 1992). During the same period, daytime O3 concentrations (9 hr 
mean) were reported to vary from 9.4 to 128.3 ppb at an urban site in Delhi (Varshney and 
Agrawal, 1992). It was observed that 10 h ground level mean O3 concentrations in Delhi 
varied between 34 to 126 ppb during the winter of 1993 (Singh et al., 1997). At Pune, an 
annual average daytime O3 concentration of 27 ppb and hourly concentration between 2 
and 69 ppb were reported during August 1991 to July 1992 (Khemani et al., 1995). Lal et al. 
(2000) studied the pattern of O3 concentrations from 1991 to 1995 at an urban site of 
Ahmedabad (India), and reported that daytime mean O3 concentrations exceeding 80 ppb 
were rarely observed. The monthly average O3 concentrations ranged between 62 and 95 
ppb in summer (April - June) and 50 and 82 ppb in autumn (October - November) at New 
Delhi (Jain et al., 2005). Emberson et al. (2009) reported that large parts of South Asia 
experience up to 50 - 90 ppb mean 7 h (M 7) O3 concentration. Mittal et al. (2007) using the 
HANK model reported O3 concentration varying from 25 to 100 ppb over the entire 
Indian region. 
1.2.2 Tropospheric CO2 trend 
Atmospheric CO2 is accelerating upward from decade to decade. For the past ten years, 
the average annual rate of increase is 2.04 ppm. This rate of increase is more than double 
the increase in the 1960s. However, other than being a potent GHG and the main basis of 
global warming, CO2 is also a key substrate for plant growth. Interestingly, scientists 
observed nearly similar trends in the overall concentrations of ambient CO2 throughout 
the globe, which means that everybody is under similar crisis. Uncontrolled 
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anthropogenic activities throughout the world have caused the atmospheric CO2 to 
increase continuously from about 280 ppm at the beginning of the 19th century to 369 ppm 
at the beginning of the 21st century (Figure 1).  Projections also range between about 450 
and 600 ppm by the year 2050, but strongly depend on future scenarios of anthropogenic 
emissions (Woodward, 2002). 
 
Fig. 1. Increasing trends in atmospheric CO2 concentrations at global level. [data adopted 
from http://www.esrl.noaa.gov/gmd/ccgg/trends/] 
2. Evaluation of O3- and CO2-effect on agricultural crops through modern 
OMICS approaches: A face-to-face mêlée  
The effect of both O3 and CO2 on the various levels of crop’s responses till the yield has been 
very well studied so far (for detail, see review Cho et al., 2010). However, their specific 
effects on the genome, hence – transcriptome and proteome, has not been evaluated to a 
large extent. In the next section, we have made an attempt to portray the impact of both 
these pollutants on the agricultural crops through modern OMICS approaches depending 
on the available reports. 
2.1 Multi-parallel OMICS approaches in modern biology 
We are running through the golden era of genomics (study of whole ‘genome’ is loosely 
called ‘genomics’). The genomics era is also in position to use multiple parallel approaches 
for the functional analysis of genomes in a high-throughput manner. These parallel 
approaches surely results in an exceptionally swift and effective system for the analyses and 
deductions of gene(s) function in a wide range of plants, at the level of transcript 
(transcriptomics), protein (proteomics), and metabolite (metabolomics) (Figure 2). All 
together, these four approaches are commonly referred as the multi-parallel OMICS 
approaches in modern biology. 
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Fig. 2. Multi-parallel OMICS approaches in modern plant/crop biology. 
2.2 Case studies 
2.2.1 Effect of ozone (O3) on crops 
2.2.1.1 Rice (Oryza sativa L.) 
Among all the major crops, rice (Oryza sativa L.) has been studied most for its response to 
O3-stress (Agrawal et al., 2002; Cho et al., 2008, Feng et al., 2008; Frei et al., 2010). Agrawal et 
al. (2002) first reported a detailed combined trancriptomics and proteomics response of rice 
plants under elevated O3-exposure. Two-weeks-old rice (cv. Nipponbare) seedlings were 
exposed to 200 ppb of O3 for three days in a controlled fumigation chamber. A drastic 
visible necrotic damage in O3-exposed leaves and consequent increase in ascorbate 
peroxidase (APX) protein(s) accompanied by rapid changes in the immunoblotting analysis 
and two-dimensional gel electrophoresis (2-DGE) protein profiles were observed. They also 
reported nearly 52 differentially expressed proteins. Among which were the O3-caused 
drastic reductions in the major leaf photosynthetic proteins, including the abundantly 
present ribulose-1, 5-bisphosphate carboxylase/oxygenase (RuBisCO) and induction of 
various defense/stress-related proteins. Most prominent change in the rice leaves, within 24 
h post-treatment with O3, was the induced accumulation of a pathogenesis related (PR) class 
5 protein, three PR 10 class proteins, APX(s), superoxide dismutase (SOD), calcium-binding 
protein, calreticulin, a novel ATP-dependent CLP protease, and an unknown protein. Feng 
et al. (2008) also followed the established two-week-old rice seedlings experimental model 
of Agrawal and co-workers (2002) and exposed plants to 0, 40, 80, and 120 ppb O3 for nine 
days. A drastic damage in the photosynthetic proteins (mainly large and small subunits of 
RuBisCO) and primary metabolism related proteins was found, whereas an induced 
expression of some major antioxidant (i.e., glutathione-S-transferase and MnSOD) and 
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defense/stress-related proteins (i.e., PR5 and two PR10 proteins OsPR10/PBZ1 and 
RSOsPR10) were reported. In another independent study, Cho et al. (2008) also checked the 
expression profiles of genes in leaves of two-week-old rice seedlings exposed to 200 ppb O3 
for 1, 12, and 24 h using a 22K rice DNA microarray chip. A total of 1,535 genes were 
differentially expressed more than five-fold over the control. Their functional categories 
revealed genes involved in transcription, pentose phosphate pathway, and signal 
transduction at 1 h. Genes related to antioxidant enzymes, ribosomal protein, post-
translational modification (PTM), signal transduction, jasmonate, ethylene, and secondary 
metabolism at 12 and 24 h play a crucial role in O3-response (Cho et al., 2008). Recently, Frei 
et al. (2010) have tried to identify the possible mechanism of O3-response in rice seedlings by 
characterizing two important quantitative trait loci (QTL), in two different chromosome 
segment substitution lines (SL15 and SL41). Their findings suggest that the activity of some 
major antioxidant genes might contribute significantly in the response strategy of rice plant 
under higher O3-stress. 
In contrast with the above laboratory-based experimental models, Sarkar and Agrawal 
(2010) had applied ‘field-based integrated OMICS’ approach to understand the background 
of O3 response in two high-yielding cultivars (Malviya dhan 36 and Shivani) of mature rice 
plants under natural conditions. They found dependable phenotypical response, in the form 
of foliar injury, followed by definite changes in leaf proteome. Major damage was in the 
photosynthetic proteins (large and small subunits of RuBisCO) and primary metabolism-
related proteins. Moreover, an induced expression of some antioxidant and defense/stress-
related proteins were reported in the rice leaf proteome. 
2.2.1.2 Wheat (Triticum aestivum L.) 
Wheat (Triticum aestivum L.) is the third most important crop around the globe, and nearly two 
thirds of the world population depends on this crop for their primary nutrition supplement. 
Sarkar et al. (2010) employed ‘field-based integrated OMICS’ approach to understand the 
background of O3 response in two wheat cultivars (cvs Sonalika and HUW 510) against 
elevated O3 concentrations (ambient + 10 and 20 ppb) under near natural conditions using 
open top chambers (OTCs). Results of their study showed drastic reductions in the abundantly 
present RuBisCO large and small subunits. Western blot analysis confirmed induced 
accumulation of antioxidative enzymes like SOD and APX protein(s) and common 
defense/stress-related thaumatin-like protein(s). 2-DGE analysis revealed a total of 38 
differentially expressed protein spots, common in both the wheat cultivars. Among those, 
some major leaf photosynthetic proteins (including Rubisco and Rubisco activase) and 
important energy metabolism proteins (including ATP synthase, aldolase, and 
phosphoglycerate kinase) were drastically reduced, whereas some stress/defense-related 
proteins (such as harpin-binding protein and germin-like protein) were induced. 
2.2.1.3 Maize (Zea mays L.) 
Maize (Zea mays L.) is another important crop at global context. Being a C4 crop, its response to 
climate change has been always been a bit different from the other plants/crops. Torres et al. 
(2007) have performed a detailed investigation of O3 response in maize (cv. Guarare 8128) 
plants through gel-based proteomics approach. In that experiment, 16-day-old maize plants 
(grown in controlled environment at green house) were exposed to 200 ppb O3 for 72 h, and 
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then the response was compared with a controlled plant (grown under filtered pollutant-free 
air). Results showed that nearly 12 protein spots were differentially expressed under O3 
exposure, and can be exploited as marker proteins. Expression levels of catalase (increased), 
SOD (decreased), and APX (increased) were drastically changed by O3 depending on the leaf 
stage, whereas cross-reacting heat-shock proteins (HSPs; 24 and 30 kDa) and naringenin-7-O-
methyltransferase (NOMT; 41 kDa) proteins were strongly increased in O3-stressed younger 
leaves. The study also enumerated leaf injury as biomarker under O3 stress in maize leaves. 
2.2.1.4 Bean (Phaseolus vulgaris L.) 
Torres et al. (2007) also conducted a study on response of cultivated bean (Phaseolus vulgaris 
L. cv. IDIAP R-3) against O3 stress using the same experimental protocol as for maize (see 
above) and the effects were evaluated using gel-based proteomics followed by MS and 
immunoblotting. Results showed that in bean leaves two SOD proteins (19 and 20 kDa) 
were dramatically decreased, while APX (25 kDa), small HSP (33 kDa), and a NOMT (41 
kDa) were increased after O3 fumigation. 
2.2.1.5 Pepper (Capsicum annuum L.) 
Lee and Yun (2006) applied cDNA microarrays to monitor the transcriptome of O3 stress-
regulated genes in two pepper cultivars [Capsicum annuum cv. Dabotop (O3-sensitive) and 
cv. Buchon (O3-tolerant)]. Ozone stress up-/down-regulated 180 genes more than three-fold 
with respect to their controls. Transcripts of 84 genes increased, transcripts of 88 others 
diminished, and those of eight either accumulated or diminished at different time points in 
the two cultivars or changed in only one of the cultivars. A total of 67% (120 genes) were 
regulated differently in O3-sensitive and O3-tolerant pepper cultivars, most being 
specifically up-regulated in the O3-sensitive cultivar. 
2.2.1.6 Linseed (Linum usitassimum L.) 
Tripathi et al. (2011) analyzed the response of linseed plants under elevated O3-stress 
through combined genomics and proteomics approaches. The results showed that 10 ppb 
elevation over ambient O3 concentration can cause 50% damage in the genome stability of 
linseed plants. In line to the genome response, leaf proteome was also severely affected 
under O3 stress, and the damages were mainly observed on the photosynthetic and primary 
metabolism-related proteins. 
2.2.2 Effect of carbon dioxide (CO2) on crops 
2.2.2.1 Rice 
Bokhari et al. (2007) had exposed 10-day-old rice (O. sativa L. spp Indica cv. 93-11) seedlings to 
760, 1140, and 1520 ppm of CO2 for 24 h, and assessed the response of test plants through 2-D 
gel-based proteomics followed by protein identification.  Comparative analysis of leaf 
proteome revealed 57 differentially expressed proteins under elevated CO2 in the rice leaf 
proteome. Majority of these differentially expressed proteins belonged to photosynthesis 
(34%), carbon metabolism (17%), protein processing (13%), energy pathway (11%), and 
antioxidants (4%). Several molecular chaperones and APX were found to be up-regulated 
under higher CO2, whereas major photosynthetic proteins like RuBisCO and RuBisCO 
activase, and different proteins of Calvin cycle were down-regulated. 
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2.2.2.2 Wheat 
Hogy et al. (2009) have studied the effect of elevated CO2 on the grain proteome of wheat (T. 
aestivum L. cv. Triso) in a completely free-air CO2 enrichment (FACE) setup. Results of this 
experiment revealed a total of 32 proteins were affected. Out of them, 16 proteins were up-
regulated and 16 proteins were down-regulated.  Among the up-regulated proteins, triticin 
precursor, putative avenin-like beta precursor, serpin, peroxidase 1, alpha-chain family 11 
xylanase, starch synthase I, and cytosolic glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) were the major proteins, whereas among down-regulated proteins, globulin (Glb 1) 
storage protein, low-molecular weight glutenin, ATP synthase β subunit, and alpha-tubulin 
were the major changed proteins. 
3. Concluding remarks 
The projected levels of O3 and CO2 are critically alarming, and have become a major issue of 
concern for food security worldwide. Scientific evidences indicate that crop plants are in 
general sensitive to both these air pollutants, but in different ways.  
Plant resistance to O3 involves a wide array of response ranging from the molecular and cellular 
level to the whole plant level. Significant effects of O3 are early leaf senescence, decreased 
photosynthetic assimilation, altered stomatal behavior, decreased growth and productivity, and 
reduced carbon allocation to roots and changes in metabolic pathways. Genotype differences in 
response to O3 are related to stomatal behavior, anti-oxidative potential hormonal regulation, 
and carbon allocation during reproduction affecting the yield responses. Detailed 
understanding of genotypic response is crucial in predicting the long-term impacts of O3 on 
agriculture in global context, including the breeding of resistant cultivars. Several potential O3 
biomarkers have been identified, which could be exploited to screen and develop O3-tolerant 
varieties in future (Figure 3). However, in case of CO2, it is an integrated compound for plant’s 
survival. So, at the initial stages, any increment in the ambient CO2 levels showed a positive 
response towards plants yield, but also raised many questions. The behavior of RuBisCO, key 
enzyme of photosynthesis, is still under debate at higher CO2 levels (Figure 3). 
While reviewing the available reports on O3 and CO2 air pollutants, we found that both the 
stresses leave some kind of specific ‘signature’ on the crops response and that the ‘signature’ is 
not crop dependent. However, it must be emphasized that there are only limited OMICS 
studies available on crop responses to O3 and CO2. Future work in our laboratories and those 
around the world will help provide new and much needed insight into the nature of the plant 
response to air pollutants and ways and means to help circumvent their deleterious effects. It 
is quite clear that we will need proper engineering of crops to combat the emerging problem, 
and researches, analysis, and reviews on initial crop-pollutants interaction have pointed 
toward some important functional traits required while considering the next-generation crops: 
i. Crops should have efficient and effective stomatal behavior to properly maintain the 
balance of external gas influx. As per the present research outcomes, we can see that 
crops prefer avoidance more than developing resistance towards any stress. 
ii. Crops should possess efficient photosynthetic system with higher catalytic ability to 
generate energy for combating the prevailing unfavorable atmosphere.    
iii. Crops should have improved detoxification system and superior stress tolerant 
molecular network within the cell. 
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Finally, as both O3 and CO2 stress leave a specific signature on the crop plant transcriptome, 
inputs from genome-wide analysis could be effectively exploited for further crop 
improvement in vivo, and the objective of our on-going studies. 
 
Fig. 3. Diagrammatic representation of O3- and/CO2-effects on plants, at cellular levels. 
4. Acknowledgements 
AS also acknowledge the support of Prof. S. B, Agrawal for promoting collaborative work, 
and financial help from CSIR, New Delhi, India in the form of Senior Research Fellowship. 
KC appreciates the support of Dr. Akihiro Kubo for his stay and research at the National 
Institute for Environmental Studies (NIES) in Tsukuba, Japan, where he worked extensively 
on ozone responses in rice as an Eco-Frontier Fellow (09-Ba086-02). RR acknowledges the 
great support of Professor Seiji Shioda and Dr. Tetsuo Ogawa (Department of Anatomy I, 
Showa University School of Medicine), and the Provost, Professor Yoshihiro Shiraiwa of the 
Graduate School of Life and Environmental Sciences (University of Tsukuba) in promoting 
interdisciplinary research and unselfish encouragement. 
5. References 
Agrawal, G.K., R. Rakwal, M. Yonekura, A. Kubo, and H. Saji. 2002. Proteome analysis of 
differentially displayed proteins as a tool for investigating ozone stress in rice 
(Oryza sativa L.) seedlings. Proteomics 2:947-959. 
Beig, G., Ali, K. 2006. Behaviour of boundary layer ozone and its precursors over a great alluvial 
plain of the world: Indo-gangetic plains. Geophysical Research Letters 33: L 24813. 
Bokhari, S.A., Wan, X.,  Yang, Y., Zhou, L., Tang, W., Liu, J. 2007. Proteomic response of rice 
seedling leaves to elevated CO2 levels. Journal of Proteome Research 6: 4624-4633. 
www.intechopen.com
Impacts of Ozone (O3) and Carbon Dioxide (CO2)  
Environmental Pollutants on Crops: A Transcriptomics Update 
 
59 
Cho, K., Shibato, J., Agrawal, G.K., Jung, Y., Kubo, A., Jwa, N., Tamogami, S., Satoh, S., 
Higashi., Kimura, S., Saji, H., Tanaka, Y., Iwahashi, H., Masuo, Y., Rakwal, R., 2008. 
Integrated transcriptomics, proteomics, and metabolomics analyses to survey ozone 
responses in the leaves of rice seedling. Journal of Proteome Research 7: 2980-2998. 
Cho, K., Tiwari, S., Agrawal, S.B., Torres, N.L., Agrawal, M., Sarkar, A., Shibato, J., Agrawal, 
G. K., Kubo, A., Rakwal, R., 2011. Tropospheric ozone and plants: absorption, 
responses, and consequences. Reviews of Environmental Contamination and 
Toxicology 212, 61-111. 
Coyle, M., Flower, D., Ashmore, M.R. 2003. New directions: implications of increasing 
tropospheric background ozone concentrations for vegetation. Atmospheric 
Environment 37: 153-154. 
Derwent, R.G., Simmonds, P.G., O’Doherty, S., et al. 2005. External influences on Europe’s 
air quality: methane, carbon monoxide and ozone from 1990 to 2030 at Mace 
Ireland. Atmospheric Environment 40: 844-855. 
Emberson, L.D., Buker, P., Ashmore, M.R., et al. 2009. A comparison of North- America and 
Asian exposure- response data for ozone effects on crop yields. Atmospheric 
Environment 43: 1945-1953. 
EMEP (2004) EMEP Assessment Part I-European perspective. In: Lövblad G, Tarrasón L, 
Tørseth K, Dutchak S (eds). http://www.emep.int, last accessed Oct 2008. 
Feng, Y.W., Komatsu, S., Furukawa, T., Koshiba, T., Kohno, Y. 2008. Proteome analysis of 
proteins responsive to ambient and elevated ozone in rice seedlings. Agriculture 
Ecosystems & Environment 125: 255-265.  
Fiscus, E. L., Booker, F. L., Burkey, K. O. 2005. Crop responses to ozone: uptake, modes of action, 
carbon assimilation and partitioning. Plant, Cell and Environment 28: 997-1011. 
Frei, M., Tanaka, J. P., Chen, C. P., Wissuwa, M. 2010. Mechanisms of ozone tolerance in rice: 
characterization of two QTL affecting leaf damage by gene expression profiling and 
biochemical analyses. Journal of Experimental Botany 61: 1405-1417.   
He, Y.J, Uno, I., Wang, Z.F., et al. 2008. Significant impact of the East Asia monsoon on 
ozone seasonal behavior in the boundary layer of Eastern China and the west 
Pacific region. Atmospheric Chemistry Physics Discussion 8:14927-14955. 
Hogy P., Zorb, C., Langenkamper, G., et al. 2009. Atmospheric CO2 enrichment changes the 
wheat grain proteome. Journal of Cereal Science 50: 248-254. 
http://wordnet.princeton.edu 
ICP Vegetation International Cooperative Programme on Effects of Air Pollution on natural 
vegetation and crops, Annual Report 2007 (http://icpvegetation.ceh.ac.uk/, last 
accessed Oct 2008. 
IPCC climate change 2007: The physical science basis. In Solomon, S., Qin, D., Manning, M., 
Chen, Z., Marquis, M., Averyt, K.B., Tignor, M., Miller, H.L. (eds.). Contribution of 
Working Group I to the Fourth Annual Assessment Report of the Intergovernmental Panel 
on Climate Change. Cambridge University Press, Cambridge, UK, pp 996. 
Jenkin, M.E. 2008. Trends in ozone concentration distributions in the UK since 1990: local, 
regional and global influences. Atmospheric Environment 42: 5434-5445. 
Krupa, S.V., Manning, W.J. 1988. Atmospheric ozone: formation and effects on vegetation. 
Environment Pollution 50: 101-137. 
Lelieveld, J., Dentener, F.J. 2000. What controls tropospheric ozone. Journal Geophysical 
Research 105(D3): 3531-3551. 
Meehl, G.A., Stocker, T.F., Collins, W.D., et al. 2007. Global Climate Projections. In: Solomon 
S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor, M, Miller, HL (Eds.), 
Climate Change 2007: The physical basis. Contribution of working group I to 
www.intechopen.com
 
Crop Plant 
 
60
fourth assessment report of IPCC on climate change. Cambridge University Press, 
Cambridge, UK, NY, USA. 
Mills, G., Buse, A., Gimeno, B., et al. 2007. A synthesis of AOT40-based response functions 
and critical levels of ozone for agricultural and horticultural crops. Atmospheric 
Environment 41: 2630-2643.  
Pandey, J., Agrawal, M. 1992. Ozone: concentration variabilities in a seasonally dry tropical 
climate. Environment International 18: 515-520. 
Pang, J., Kobayashi, K., Zhu, J. 2009. Yield and photosynthetic characteristics of flag leaves 
in chinese rice (Oryza sativa L.) varieties subjected to free- air release of ozone. 
Agriculture, Ecosystems and Environment (doi. 10.1016/j.agee.2009.03. 012). 
Pasqualini, S., Antonielli, M., Ederli, L., et al. 2002. Ozone uptake and its effect on 
photosynthetic parameters of two tobacco cultivars with contrasting ozone 
sensitivity. Plant Physiology and Biochemistry 40: 599-603. 
Rai, R., Agrawal, M., Agrawal, S.B. 2007. Assessment of yield losses in tropical wheat using 
open top chambers. Atmospheric Environment 41: 9543-9554. 
Rai, R., Agrawal, M. 2008. Evaluation of physiological and biochemical responses of two rice 
(Oryza sativa L.) cultivars to ambient air pollution using open top chambers at a 
rural site in India. Science of the Total Environment  407: 679-691. 
Sarkar, A., Agrawal, S.B. 2010. Identification of ozone stress in Indian rice through foliar injury 
and differential protein profile. Environmental Monitoring Assessment 161: 283-302. 
Sarkar, A., Rakwal, R., Agrawal, S.B, et al. 2010. Investigating the impact of elevated levels 
of O3 on tropical wheat using integrated phenotypical, physiological, biochemical 
and proteomics approaches. Journal of Proteome Research 9: 4565-4584. 
Singh, A., Sarin, S.M, Shanmugam, P., et al.  1997. Ozone distribution in the urban environment 
of Delhi during winter months. Atmospheric Environment 31: 3421-3427. 
Sioshansi, R., Oren, S. 2007. How good are supply function equilibrium models: An empirical 
analysis of the ERCOT balancing market. Journal of Regulatory Economics 31: 1-35. 
Tiwari, S., Rai, R. Agrawal, M., 2008. Annual and seasonal variations in tropospheric ozone 
concentrations around Varanasi. International Journal of Remote Sensing 29, 4499- 4514. 
Torres, N.L, Cho, K., Shibato, J., Kubo, A., Iwahashi, H., Jwa, N.S., Agrawal, G.K., Rakwal, R. 
2007. Gel based proteomics reveals potential novel protein markers of ozone stress in 
leaves of cultivated bean and maize species of Panama. Electrophoresis 28: 4369-4381. 
Tripathi, R., Sarkar, A., Pandey Rai, S., Agrawal, S.B., 2011. Supplemental ultraviolet-B and 
ozone: Impact on antioxidants, proteome and genome of linseed (Linum 
usitatissimum L. cv Padmini). Plant Biology 13: 93-105. 
US Environmental Protection Agency U.S. EPA. 2006. Air quality criteria for ozone and 
related photochemical oxidants (Final). U.S. Environmental Protection Agency, 
Washington, DC, EPA/600/R-05/004aF-cF. 
Varshney, C.K, Aggarwal, M. 1992. Ozone pollution in the urban atmosphere of Delhi. 
Atmospheric Environment 26: 291-294. 
Vingarzan, R. 2004. A review of surface ozone background levels and trends. Atmospheric 
Environment  38: 3431-3442. 
Woodward, F.I. 2002. Potential impacts of global elevated CO2 concentrations on plants. 
Current Opinion in Plant Biol. 5: 207-211.  
Xu, X., Lin, W., Wang, T., et al. 2008. Long term trend of surface ozone at a regional 
background station in eastern China 1991–2006: enhanced variability. Atmospheric 
Chemistry Physics Discussion 8: 215-243 
www.intechopen.com
Crop Plant
Edited by Dr Aakash Goyal
ISBN 978-953-51-0527-5
Hard cover, 240 pages
Publisher InTech
Published online 20, April, 2012
Published in print edition April, 2012
InTech Europe
University Campus STeP Ri 
Slavka Krautzeka 83/A 
51000 Rijeka, Croatia 
Phone: +385 (51) 770 447 
Fax: +385 (51) 686 166
www.intechopen.com
InTech China
Unit 405, Office Block, Hotel Equatorial Shanghai 
No.65, Yan An Road (West), Shanghai, 200040, China 
Phone: +86-21-62489820 
Fax: +86-21-62489821
This book provides us a thorough overview of Crop Plant with current advance in research. Divided into two
section based on the chapters contents. Chapter 1 provides information about markers and next generation
sequencing technology and its use. Chapter 2 is about how we can use Silicon for Drought tolerance. Chapter
3 is to deal with the major problem of rising CO2 and O3 causing environmental pollution. Chapter 4 covers
the phenomena of RNAi and its use, application in crop science. Chapter 5 is a review for boron deficiency in
soils and how to deal with it for better crops. Chapter 6-10 provide some information regarding recent works
going on in crop science.
How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
Abhijit Sarkar, Ganesh Kumar Agrawal, Kyoungwon Cho, Junko Shibato and Randeep Rakwal (2012). Impacts
of Ozone (O3) and Carbon Dioxide (CO2) Environmental Pollutants on Crops: A Transcriptomics Update, Crop
Plant, Dr Aakash Goyal (Ed.), ISBN: 978-953-51-0527-5, InTech, Available from:
http://www.intechopen.com/books/crop-plant/impacts-of-rising-co2-and-o3-environmental-pollutants-on-crops-
a-transcriptomics-update
© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
